We previously reported that soybean phospholipid administration increased the oxidative stability of fish fillets. In this study, we investigated whether dietary soybean phospholipids inhibit the oxidation of n-3 PUFA-enriched pork. Pigs in the finishing period were divided into 4 groups, and fed a commercial diet, a 1.5 % flax oil-supplemented diet, a 1.5 % flax oil-and 1 % soybean phospholipid-supplemented diet, or a 1.5 % flax oil-and 1% soybean oil-supplemented diet. The n-3 PUFA content increased in the groups fed flax oil-supplemented diet. On an oxidation test of pork fat, thiobarbituric acid reactive substance (TBARS) was elevated in the group fed flax oil. In contrast, in the group fed flax oil and soybean phospholipids, TBARS elevation was inhibited to a degree similar to that in conventional pork. These results show that soybean phospholipids increased the oxidative stability of n-3 PUFA-enriched pork.
Introduction
N-3 polyunsaturated fatty acids (PUFAs), such as α-linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been attracting attention with regard to their preventive effects on atherosclerosis (Connor, 2000) , coronary arterial disease (Cullen, 2000) and hypertension . To increase n-3 PUFA intake, livestock products (eggs, pork, etc.) with high n-3 PUFA contents have been developed (Simopoulos, 1999a; Murano et al., 2007) . N-3 PUFA content is easily increased in pigs (Myer et al., 1992) because pig fat is easily affected by the dietary fatty acid composition (Wood and Enser, 1997; Sandström et al., 2000; Howe et al., 2002) . Specht-Overholt et al. (1997) reported that the n-3 PUFA content of pork could be increased by up to 12% of fatty acid composition.
However, PUFAs are easily oxidized because of the presence of numerous double-bonds, and thus the oxidative stability of lipids is reduced in n-3 PUFA-enriched livestock products. For example, Young et al. (2003) reported TBARS elevation in n-3 PUFA-enriched pork. To inhibit lipid oxidation in meat, tocopherol administration has been reported to be effective (Rey et al., 2001) , although the insufficiency of tocopherol alone has also been reported (Leskanich et al., 1997; Velasquez et al., 1998; Kouba et al., 2003) . We previously reported that administration of soybean phospholipids to rainbow trout increased the oxidative stability of lipids in fish fillets (Murano et al., 2008) , and we confirmed this effect in fish fillets with high n-3 PUFA contents, which indicated the possibility that feeding pigs soybean phospholipids may increase the oxidative stability of pork n-3 PUFAs. Feeding pigs n-3 PUFA-rich flaxseed oil increases the n-3 PUFA content of their fat (Romans et al., 1995a; Romans et al., 1995b) . In this study, pigs in the finishing period were simultaneously fed flaxseed oil and soybean phospholipids for 67 days, and oxidation stability was evaluated by measuring thiobarbituric acid reactive substance (TBARS) content.
Material and Methods
Animals and feeding experiment For experimental diets, a commercial feed (fine NIKUTON, Showa Sangyo Co., Ltd., Tokyo, Japan) was used. The composition was as follows (g / 100 g): Protein, 14.9; lipids, 5.6; fiber, 2.3; ash, 3.5; and others, 59.6 . Four experimental diets were prepared: Commercial diet (CD), 1.5 % flax oil-supplemented diet (F), 1.5 % flax oil-and 1 % soybean phospholipid-supplemented diet (F-PL), and 1.5 % flax oil-and 1% soybean oil-supplemented diet (F-SO). Flax oil, phospholipid and soybean oil were purchased commercially (Nisshin OilliO Group Ltd., Tokyo, Japan.). To the 3 flax oil-added diets (F, F-PL, and F-SO), tocopherol (DL-a-tocopherol acetate, Kishida Chemical Co., Ltd., Osaka, Japan) was added at 100 mg/kg. Soybean phospholipid classes are shown in Table 1 . Total fatty acid composition of the experimental diets are shown in Table 2 .
Twenty-eight pigs aged 16-17 weeks (LDW breed: (Large Yorkshire x Landrace) x Duroc, mean body weight: 63.0 ± 1.0 kg) born and raised at Ishikawa Livestock Research Center were used. All groups consisted of 3 males and 4 females. Each group (7 animals) was maintained in a 9.4-m 2 pen for the feeding experiment, and were given free access to the diet and drinking water for 67 days. Body weight and food intake were measured at the initiation and end of the feeding period. After the feeding period, pigs were fasted with free access to drinking water for 24 h, and were then sacrificed at Kanazawa Meat Processing and Storage Center (Ishikawa, Japan).
The carcasses were stored at 4℃ for 24 h. Loin was excised from the left half of the carcass, and the edible region at the 6-7th thoracic vertebral section was excised. The innermost layer of the dorsal fat tissues in the edible region was collected as a pork fat sample. Pork fat samples were immediately frozen at -80℃. Samples were used for biochemical analysis and oxidation tests.
Oxidation test Oxidation test was performed according to the method reported by Murano et al. (2008) . The sample weight and size were adjusted to the specified values, and all samples were stored in a refrigerator (4 ± 0.5℃) for 3 days under strictly identical conditions. The degree of pork fat oxidation was measured before and after the oxidation period.
Biochemical analysis Total lipids in pork fat were extracted by the method reported by Folch et al. (1956) . The phospholipid content, fatty acid composition, TBARS, and tocopherol content were analyzed as previously reported (Murano et al., 2008) .
Statistical analysis Data are expressed as the means ± SEM. Significant differences between the groups were determined by one-way ANOVA followed by Tukey's multiple comparison tests. Differences with a value of P < 0.05 were considered to be significant. A statistical software package (Toukei version 2, Esumi, Tokyo, Japan) was used for all statistical analyses.
Results
The growth and feed performance of the pigs after consuming the 4 diets for 67 days are shown in Table 3 . There were no significant differences in body weight or feed conversion efficiency at the end of the feeding period. SEM of the feed conversion efficiency was not calculated, as seven pigs were kept in each pen for the feeding period, and were given free access to the diet. The differences in dietary lipids did not affect the growth or feed performance.
The analytical results for pork fat after the feeding period are shown in Table 4 . No significant differences were noted in lipid or phospholipid content among the groups. The groups fed flax oil were also given tocopherol, showing a significant difference in the tocopherol content from that in the CD group, but not among the F, F-PL and F-SO groups. The fatty acid composition was affected by the diet at the end of feeding, and significant differences were noted in some fatty acid contents (Table 5 ). In the F group, the α-linolenic acid content was more than 4 times that in the CD group due to dietary flax oil. It was also 7 times higher in the F-PL and P-SO groups fed soybean phospholipids and soybean oil, respectively, than in the CD group. In the 3 flax oil-added diets, ratios of 16:0, 16:1, 18:1 and 18:2 were lower than with the CD diet. Contents of 16:0, 18:1 in the F-PL group and 18:1 in the F-SO group were significantly lower than CD group at the end of feeding period.
The oxidative stability of pork fat was evaluated by oxi- dation test (Fig. 1) . As an index of lipid oxidation, TBARS levels were measured before and after oxidation test. TBARS levels before the test were significantly lower in the CD group fed no flax oil, but no significant difference was present among the F, F-PL and F-SO groups. TBARS levels were increased in all groups after the storage period. The elevation was marked in the F and F-SO groups, showing significant differences from those in the CD and F-PL groups. In the F-PL group fed soybean phospholipids, the elevation of the TBARS levels was inhibited after oxidation test, showing no significant differences from that in the CD group fed no flax oil.
Discussion
Among the 3 groups fed flax oil (F, F-PL, and F-SO groups), the elevation in TBARS levels in fat during the storage period was inhibited in the F-PL group fed soybean phospholipids, as compared to the F and F-SO groups, and the levels were similar to that in the CD group fed no flax. To our knowledge, this is the first report that soybean phospholipid administration inhibited the oxidation of pork fat.
An ex vivo antioxidative effect of phospholipids added to fat and oil is known. For example, phosphatidylethanolamine shows a strong antioxidative activity, and its addition to vegetable oil at 3 % or higher is effective (Zambiazi and Przybylski, 1998) . Chen and Nawar (1991) also reported that the primary or free amino head group of phospholipids characterizes the antioxidative activity. Phospholipids are also known to synergistically inhibit oxidation with tocopherol (Zambiazi and Przybylski, 1998) . For example, Takeuchi et al. (1997) reported that the addition of phosphatidylethanol-amine and tocopherol synergistically inhibited the oxidation of triacylglycerol-type PUFA. Regarding the in vivo effects of phospholipids, improvements in abnormal lipid metabolism, lung function, arteriosclerosis, liver diseases, nerve and brain function have been reported (Fujita, 2005; Koh, 1999; Nagao and Yanagita, 2002; Schneider, 2001) , but there have been few reports clarifying the effects of orally ingested phospholipids aiming at increasing in vivo oxidative stability.
Increased oxidative stability due to a rise in the content of antioxidative components of meat has been reported. For example, the increased storage stability of meat in the presence of high total tocopherol (Kim et al., 2006) or total phospholipid (Yamaguchi and Toyomizu, 1984) content has been reported. However, in this study, there were no significant differences in total tocopherol or total phospholipid content among the groups, suggesting that the mechanism was different from those reported. Oxidative stability of pork fat may be correlated with proportion of phospholipid class, in particular phosphatidylethanolamine ratio, in pork fat. The influence of soybean phospholipid administration on the phospholipid species in pork fat, particularly the ratio of phosphatidylethanolamine must be examined in the future. The soybean phospholipids used in this study contained phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol and other phospholipid species. Examining the effects of administering of individual phospholipids or different compositions of phospholipids from soybean (for instance, egg yolk phospholipids) may lead to clarification of the mechanism.
Lipid oxidative stability decreases in n-3 PUFA-enriched meat, and there is a loss in flavor due to lipid oxidation, compared to conventional meat (Takamura, 2006) . To overcome these problems, tocopherol administration inhibits lipid oxidation in meat (Kim et al., 2006) . However, it does not completely inhibit this oxidation. Leskanich et al. (1997) reported the difficulty of inhibiting TBARS elevation in n-3 PUFA-enriched pork. Velasquez et al. (1998) showed that the tissue tocopherol content reached a plateau when the dietary content was about 100 mg/kg in pigs during the finishing period. Our study is significant with regard to revealing the lipid oxidation-inhibitory effects of a natural plant resource other than tocopherol.
Soybean phospholipids are secondarily produced in the vegetable oil production process (Schneider, 2006; Krawczyk, 1996) , but commercially distributed phospholipids account for only about 1 / 3 of the producible amount, and not all of that produced is effectively utilized (Szuhaj, 1983) . There have been several reports on the application of soybean phospholipids in feed for pigs. Øverland et al.
Y. murano et al. (1993a; 1993b) investigated the influence of feeding soybean phospholipids during the weaning and finishing periods, but they found no improvement. Jones et al. (1992) showed that an emulsifier containing soybean phospholipids slightly increased the lipid digestibility, whereas Øverland and Sundstøl (1995) and Øverland et al. (1994) reported that this effect was not clear in a similar study. These reports failing to show the merits of dietary soybean phospholipids may be one cause of their limited utilization in the feed industry. This study clarified a new function of soybean phospholipids and clearly showed the merits of their dietary use, which may broaden their application and promote the effective utilization of plant resources.
The n-3 PUFA contents increased in the F-PL and F-SO groups. De Souza et al. (1995) showed that soybean phospholipid administration increased the PUFA digestion rate. The combination of flax oil with soybean-derived fat may efficiently increase the n-3 PUFA content of meat. The contents of 16:0 and 18:1 in the F-PL group and 18:1 in the F-SO group were significantly lower than in the CD group. In the F-PL and F-SO diets, ratios of 16:0 and 18:1 were lower. The differences in the fatty acid contents of pork fat might be correlated with variations in the fatty acid composition in diets. Although the contents of 16:1 and 18:2 in the CD diet were higher than in the F-PL and F-SO diets, there were no significant differences in the CD content between F-PL and F-SO. These reasons were not clarified in this study. The efficiency of fatty acid deposition in pork fat may differ with individual fatty acid species.
Although the importance of n-3 PUFA ingestion is recognized in current industrial countries (Lands, 2003; Simopoulos, 1999b) , the daily fish intake in Europe is less than the n-3 PUFA requirement (Rymer and Givens et al., 2005) . In Japan, fish consumption has decreased in young people aged 30 years or younger (Nishida et al., 2003) . Elevation of n-3 PUFA contents in livestock products consumed in westernstyle diets are now being investigated (Jones et al., 1992; Rymer and Givens, 2005) . N-3 PUFA-enriched pork facilitates a high n-3 PUFA intake without the need to markedly change eating habits (Sandström et al., 2000) , but lower storage stability than conventional pork has been reported (Young et al., 2003) . We demonstrated that dietary soybean phospholipids inhibit oxidation in n-3 PUFA-enriched pork fat. The improved storage stability of n-3 PUFA-enriched pork may increase its usefulness and applications.
This study showed that the dietary addition of 1 % soybean phospholipids increased the lipid oxidative stability of n-3 PUFA-enriched pork to normal levels. A similar lipid oxidation-inhibitory effect was also confirmed in fish, suggesting that improved lipid oxidative stability by soybean phospholipid administration can be applied to both fish and pigs. The findings are useful for increasing the n-3 PUFAenriched pork intake and broadening the industrial value of soybean phospholipids.
